Carbons containing nitrogen (C-N composites) were derived from three commercial organic compounds, poly(vinylpyrrolidone) (PVP), polyacrylamide (PAA), and trimethylolmelamine (TMM) using the MgO template method. The C-N composites formed in nitrogen at 700-1000˚C and 181 F g -1 at 100 mV s -1 with acceptable yield of the composite.
volumetric capacitance is not reduced excessively, though there are exceptions such as the carbons formed by the mica template method [3] and the carbonized melamine foam [4] .
A simple procedure to form nitrogen-doped carbons is carbonization of nitrogen containing organic compounds, mainly resins, but the subsequent activation processes to increase S BET markedly reduce W N [5] [6] [7] [8] . Alternatively, activated carbons have been treated with nitrogen-containing compounds such as urea [8, 9] and melamine [9] . However, the capacitance normalized by S BET , C A , of the material derived from brown coal [8] , were 0.08-0.12 F m -2 , indicating that the capacitance is mainly attributed to the electric double layer. For the materials derived from wood-based activated carbons followed by melamine treatment, C A reached 0.33 F m -2 [9] , suggesting the contribution of the pseudo-capacitance due to nitrogen. In contrast to the methods described above, both need activation processes, a method using silica templates successfully synthesized the carbonaceous materials which had S BET =807 m 2 g -1 and W N =7.2 mass% [10] and S BET =1330 m 2 g -1 and W N =10 mass% [11] without activation. The materials showed C A =0.25 F m -2 [10] and C A =0.16 F m -2 [11] , but the methods of template preparation are not simple and the templates must be dissolved in hydrofluoric acid solutions [10, 11] .
Several years ago, the MgO template method was reported [12] [13] [14] [15] [16] [17] , which can form microporous and/or mesoporous carbons with high S BET by pyrolysis of organic polymers, such as poly(vinyl alcohol) (PVA), poly(ethylene terephthalate) (PET), hydroxy propyl cellulose (HPC), and others. The process consists of the pyrolysis at 900˚C in an inert atmosphere followed by dissolution of template in a sulfuric or hydrochloric acid solution, and the activation process is not included. The pore formation mechanism is described elsewhere [12] [13] [14] [15] [16] : briefly, pitch-like materials formed by pyrolysis of polymer sink through MgO nano-particles and they coat the particles with thin carbonaceous layers, then by further carbonization the layers shrink to form porous carbons. This method is possible to start from a solution containing water-soluble polymers and magnesium salts [14] [15] [16] [17] . The porous carbons formed by this method have been evaluated as electrode materials for EDLC [16, 17] . So far, however, combinations of the polymers containing nitrogen and the MgO template are not reported.
In the present work, three commercial organic compounds of different nitrogen content were carbonized using the MgO template method to synthesize the carbons containing nitrogen (C-N composites), where mixed solutions of the compound and magnesium acetate were used as the starting materials. The objectives of the present work are (1) to survey the conditions to form the C-N composites with moderately high S BET and large W N , (2) to find the effect of S BET and W N on both C M in F g -1 and C A in F m -2 , and (3) to understand the role of doped nitrogen in the development of puseudo-capacitance.
Experimental
The organic compounds used were poly(vinylpyrrolidone) (PVP, Tokyo Chemical Industry), polyacrylamide (PAA, Aldrich), and trimethylolmelamine (TMM, S-260 supplied by courtesy of Nippon Carbide Industries). The PVP and PAA were reagent grade 50 mass% aqueous solutions and the average molecular mass was 10000 for both. Based on the chemical structure, N/C mole ratio is 1/6 for PVP, 1/3 for PAA, and 1/1 for TMM, and the nominal nitrogen content is 12.6 mass% for PVP, 19.7 mass% for PAA, and 38.4 mass% for TMM. Thermal decomposition behavior of these compounds was examined by thermogravimetry (TG, SII TG/DTA6300) at 10 K min -1 in pure nitrogen. Magnesium acetate was used as a magnesium source, and hereafter the amount is expressed as a reduced value to MgO. A 10 mass% aqueous solution of PVP or PAA was prepared and set amounts of magnesium acetate were added. The TMM powder was dispersed in water and adequate amounts of ethanol were added to dissolve TMM with stirring, then set amounts of 50 mass% aqueous magnesium acetate solution were added. The mixing ratio of compound/MgO, in mass, was set to 3/7 or 5/5. It has been reported that a ratio of 3/7 provides the carbon materials of high specific surface area from PVA, PET and HPC [15] . The solutions were evaporated to dryness at 90˚C and pulverized with an agate mortar and pestle to obtain powder precursors.
The precursors were heated at 300 K h -1 to a set temperature in a range of 700-1000˚C and kept for 1 h at each temperature in a flow of pure nitrogen. The products were ground and dispersed into SO 4 by the three electrode system described above. The value of C M was calculated with respect to the total mass of composite (the active material).
Results and discussion

Characterization of raw materials and C-N composites
As TMM was not reagent grade, the chemical composition was determined by elemental analysis: C 33.2, H 5.3, N 44.3, and the balance of oxygen, all in mass%, the nitrogen content was larger than the nominal one.
The mass changes by TG for PVP, PAA, and TMM are shown in Fig. 1 . As magnesium acetate decompose to MgO below 250˚C [14] , conversion of these compounds to carbonaceous materials starts after the formation of MgO. The curves for PVP and PAA coincide with the thermal decomposition behavior by the static method (residence time 1 h) reported previously [18] . Thus, the carbon yield in a HTT range of 800-1000˚C is less than 5 mass% from PVP, around 20 mass% from PAA, and 30-35 mass% from TMM.
The XRD patterns for all the C-N composites showed broad 002 and faint 10 peaks of carbon, Here the background lines were drawn by the empirical Shirley method [19] and the peak separation was carried out by assigning an identical peak profile (the same FWHM and Gaussian/Lorentzian mixing ratio) to each component in one spectrum. The number of peaks was changed from three to five and determined by the best convergence, that is, the number of peaks in The TEM images of the C-N composites formed at 900˚C are shown in Fig. 7 , in which typical pores (but not all) are indicated by circles. In PVP37-900 ( Fig. 7(a) ) circular transparent parts are mesopores of 4-6 nm in size, more or less, and many slit pores of 2-3 nm in width are observed in the upper part of the image. Large S BET (Fig. 5 ) may be owing to these slit pores. In contrast, slit pores are not observed in PAA37-900 ( Fig. 7(b) ) and mesopores of 4-5 nm in size are scattered with bubble-like textures. In TMM37-900 (Fig. 7(c) ) bubble-like textures similar to PAA37-900 and mesopores of about 5 nm in size are observed but generally micro-texture is dense and no slit pores.
The MgO particles left in the composites were scarcely observed but one example in TMM37-900 is shown in Fig. 7(d) . Dark spots similar to the sizes of mesopore in the left hand side are estimated to be MgO particles. Therefore, formation of mesopores is owing to MgO templates [11] [12] [13] [14] [15] [16] and the evolution of slit pores is probably due to the thermal property of PVP, that is, about 95 mass% are released as gas by pyrolysis (Fig. 1) . On the whole the features by TEM observation correspond to the pore-size distributions in Fig. 6 .
The C-N composites formed here are roughly characterized as follows: (1) (Figs. 4 and 5) , and (3) the composites from TMM have high W N but low S BET . In addition, a fraction of mesopores larger than 4 nm in size is higher in the composites from PAA than other two.
Capacitive performance of C-N composites
The CVs of 10th cycle in 1 mol dm -3 H 2 SO 4 at r=2 mV s -1 and r=20-100 mV s -1 for PVP37-900, PAA37-900, and TMM37-900 are shown in Figs. 8 and 9, respectively. Although potential jumps at the lower and higher ends are steep at r=2 mV s -1 , CVs are not neatly rectangular shape but broad bulges are distinguished in the middle part of CV for all electrodes ( for PAA37-900. As the carbon yield of PVP is rather low (Fig. 1 ), PAA37-900 will be the best in the present work. Galvanostatic time-potential curves in a potential range of -0.2-+0.8 V vs. SCE for PAA37-900 are shown in Fig. 11 . The potential changes are not neatly linear probably due to the pseudo-capacitance, but the charge/discharge time suggests the capacitance to be around 200 F g -1 .
The values of C M and C A at r=2 mV s -1 for the composites formed at 800-1000˚C are summarized as a function of W N in Fig. 12(a) and (b) . The value of C M at r=2 mV s -1 for PVP55-1000 was unexpectedly low, 68 F g -1 , so that this was omitted. As the value of S BET of this composite is exceptionally high (Fig. 5) , there is a possibility that it was crushed and/or a large number of micropores were plugged during the preparation of electrode. Figure 12 (a) indicates that
(1) large C M of the composites from PVP is mainly due to higher S BET (Fig. 5) , (2) the N-enriched carbon foams are reported to have very small S BET by nitrogen adsorption. The pore size distribution of the composites from TMM is similar to that from PVP (Fig. 6) . As TMM is a sort of monomer for melamine foam, it is difficult to explain why the performance (Figs. 8-10 ) is so different.
To understand which type of nitrogen species mainly contributes to the pseudo-capacitance, the values of C A for PVP37-900, PAA37-900, and TMM37-900 were compared with XPS data in Fig. 4 .
As described in 3.1, quantitative evaluation by XPS for these samples is dubious, so that only for rough survey C A was plotted against the peak intensity ratios (by area) of each nitrogen component to the total carbon, N I /C T , N II /C T , and N III /C T , as shown in Fig. 13 . The results, however, are obscure to argue that a particular nitrogen species is responsible to the pseudo-capacitance. Even, C A is unlikely to be proportional to the total surface nitrogen, N T /C T . It may be possible to interpret a discrepancy between Fig. 12(b) and Fig. 13 in a way that the surface composition of nitrogen is different from that of the pore wall or that the main source of pseudo-capacitance is not the surface functional groups of nitrogen. However, still the case is not closed. Assuming the total site number of the surface to be 10 19 atoms m -2 (this is a reasonable value for most of solid materials including carbon), the total electric charge accessible by one electron reaction is calculated to be 1.6 C m -2 . As the total capacitance becomes 1.6 F m -2 by 1 V of potential difference, the largest specific capacitance, 0.65 F m -2 ( Fig. 12(b) ), can be covered by about 40% of the total surface atoms (including those on the walls of accessible pores). The calculated results suggest, however, that the pseudo-capacitance observed for the composites cannot be attributed only to nitrogen, taking account of W N (Fig. 4) , even if the electric double layer capacitance is subtracted from the above value. Additionally, C A is plotted against the intensity ratio of O 1s peak to C 1s peak, O T /C T , in Fig.   13 , since the shape of CV in Fig. 8 suggests the contribution of oxygen containing functional groups.
Unfortunately, the result is extremely deviated. As reliability of O 1s spectrum for this type of porous materials is low due to adsorption of moisture and other species containing oxygen, the peak separation of O 1s spectrum is insignificant.
At present it may be appropriate to conclude only that the pseudo-capacitance observed in the C-N composites is not explained by a single scheme, such as redox reactions [1, 2] .
Summary
Three commercial organic compounds, poly(vinylpyrrolidone) (PVP), polyacrylamide (PAA), and trimethylolmelamine (TMM) were carbonized at 700-1000˚C using the MgO template method starting from mixed solutions of the compound and magnesium acetate, and different types of C-N composites were formed. The results are summarized as follows:
(1) The nitrogen content, W N , was 3-23 mass%. Generally high nitrogen content of the starting compound led to larger W N , but W N was not proportional to the N/C mole ratio in the compounds. 
